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Abstract— A novel beam steering mechanism for a phased
array antenna receiver system is introduced. The core of the
system is a ring resonator-based integrated optical beam forming
network chip. Its principles are explained and demonstrated by
presenting some measurement results. The system architecture
around the chip is based on a combination of frequency down
conversion, filter-based optical single sideband modulation and
balanced coherent detection. It is proven that such an architec-
ture has significant advantages with respect to a straightforward
architecture using double sideband modulation and direct de-
tection, namely relaxed bandwidth requirements on the optical
modulators and detectors, reduced complexity and optical losses
of the beam forming chip, and enhanced dynamic range.
I. INTRODUCTION
Direction-sensitive reception of electromagnetic waves can
be achieved by means of a phased array antenna (PAA), which
consists of multiple antenna elements (AEs) and appropriate
signal processing. The AE signals are time-delayed versions of
some desired signal and eventual undesired signals. The values
of the time delays depend on the geometrical distribution of the
AEs and the directions of the incoming wave fronts. The signal
processing part consists of a delay and combining network,
that equalizes the delay values corresponding to the desired
portions in the AE signals, such that the desired signal portions
add up in phase, whereas undesired signal portions do not
add up in phase and are hence suppressed. Such processing is
called beam steering. When the amplitudes of the AE signals
are also controlled (in order to enhance sidelobe suppression
of the PAA), it is called beam forming.
Implementing the beam forming circuit in the optical do-
main offers several advantages like compactness and small
weight (particularly when integrated on chip), low loss, fre-
quency independence, high bandwidth, and inherent immunity
to electromagnetic interference.
The main challenge in realizing such an optical beam
forming (OBF) system is to achieve continuous tunability and
true time delay (TTD) behaviour. That is, the time delay should
be constant in the entire frequency range of interest —or in
other words: the phase response should be linear— in order
to avoid beam squint.
The most widely used approaches in previously proposed
OBF systems are based on optical phase shifters [1] or
switchable delay matrices [2], but these have the disadvantage
of beam squint and limited tuning resolution, respectively.
An alternative that does offer both continuous tunability and
TTD is based on chirped fibre gratings (CFGs) [3], but this
technique has the disadvantage of requiring bulky optical
components and an (expensive) tunable laser, respectively.
In this paper a squint-free, continuously tunable OBF mech-
anism for a PAA receiver system is proposed that does not
require a tunable laser. It is based on a fully integrated optical
beam forming network (OBFN) using cascades of optical ring
resonators (ORRs) as tunable delay elements. A dedicated
system architecture is proposed that relaxes the requirements
on optical modulators and detectors, and on the OBFN itself.
The principles of the ORR-based OBFN will be explained
in Section II. The system architecture will be described in
Section III, followed by conclusions in Section IV.
II. OPTICAL BEAM FORMING NETWORK BASED ON
OPTICAL RING RESONATORS
A. Optical ring resonator-based delays
A narrowband continuously tunable optical TTD device can
be realized as a recirculating waveguide coupled parallel to
a straight waveguide [4]–[10]. When propagation losses are
neglected, such configuration can be considered as an all-pass
filter, with a periodic, bell-shaped group delay response, as
illustrated by the dashed lines in Fig. 1. The period or free
spectral range (FSR) is equal to the inverse of the ORR’s
round-trip time T . The maximum group delay occurs at the
resonance frequency, which can be varied by tuning the round-
trip phase shift φ of the ORR. The maximum delay can be
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Fig. 1. Theoretical group delay response of three cascaded ORR sections with
resonance frequencies fi (Inset: three ORR sections in series, with round-trip
time T , round-trip phase shifts φi and coupling coefficients κi)
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varied by tuning the coupling coefficient κ between waveguide
and ORR. The bell shape has a constant area, so its width is
more or less inversely proportional to its height, resulting in
a trade-off between peak delay and optical bandwidth.
B. Multi-ring delay elements
The bandwidth can be extended by cascading multiple
ORR sections, as shown in the inset of Fig. 1. The resulting
group delay response (solid line in Fig. 1) is equal to the
sum of the individual group delay responses (dashed lines),
so the group delay curve can be flattened by tuning the ORRs
to different resonance frequencies. Such multi-stage delay
element has a trade-off between peak delay, optical bandwidth,
relative delay ripple and number of ORR sections [4], [6]–[8].
Measurements on a three-ring optical delay device, re-
alized in the CMOS-compatible TriPleXTM technology of
LioniX B.V. [11], were presented in [8], showing good agree-
ment with theory.
C. Optical beam forming network
When multiple delay and combining elements are grouped
in one optical circuit, an optical beam forming network
(OBFN) is obtained. In [9] we presented the —to our
knowledge— first single-chip realization of such an OBFN,
based on the 1× 4 binary tree topology shown in the inset of
Fig. 2. The measured group delay responses at the OBFN out-
puts demonstrate OBF with 0.5 ns maximum delay, 1.5 GHz
bandwidth, and approximately 20 ps ripple; see Fig. 2. The
waveguide loss in the chip was measured to be  1 dB/cm.
More recently we have performed similar measurements on
a 1× 8 OBFN; these will be presented in [10].
III. SYSTEM ARCHITECTURE
A. Input signal model
Suppose we have a phased-array receive antenna consisting
of M AEs. The received signal of each AE is amplified by a
low-noise amplifier (LNA), resulting in element signals sm(t),
m = 1, 2, ...,M . When noise, interference and channel distor-
tion are ignored, these can be considered as delayed versions of
some desired RF signal s(t), so sm(t) = s(t−Tm). The delay
values Tm depend on the direction of the incoming wave front,
the geometry of the antenna array, and eventual differences in
RF waveguide lengths. The desired signal s(t) is written as a
real bandpass signal s(t) = rs(t) cos
(
2πfRFt + ψs(t)
)
, with
carrier frequency fRF, amplitude rs(t), and phase ψs(t).
B. Optical DSB modulation and direct optical detection
The most straightforward way of re-aligning the AE signals
by means of an ORR-based OBFN as described in the previous
section, is shown in Fig. 3. The signals sm(t) are converted to
the optical domain by splitting the output signal of a laser in
M optical paths and modulating the resulting optical signals
using external double-sideband (DSB) amplitude modulators.
The latter can for example be implemented as Mach-Zehnder
modulators (MZMs), eventually combined with pre-distortion
circuits in order to compensate for their non-linearity.
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Fig. 2. Group delay measurement results on a 1 × 4 binary tree OBFN
(Inset: topology of the 1× 4 binary tree OBFN)
The modulated optical signals are re-aligned and summed
by means of a M × 1 ORR-based OBFN. The desired optical
group delays from input m to the output of this OBFN are
given by τm = Tmax − Tm, where Tmax is a common delay
for all elements, chosen such that τm > 0 for all m.
If the unmodulated laser signal has a bandwidth that is much
smaller than the carrier frequency and bandwidth of the signals
sm(t), and a coherence time that is much longer than the
delays τm, then it can be approximated as monochromatic, so
that it can be described by a (normalized) complex bandpass
signal Ein(t) =
√
2Po exp(j 2πfot) with optical power Po and
optical frequency fo. Assuming a power splitting loss Ls, the
modulated optical signals Em(t) can be written as
Em(t) =
1√
Ls
[
1
2 +
1
2γm
sm(t)
|sm(t)|max
]
Ein(t)
= 12
√
Po
2Ls
{
2 exp(j 2πfot)
+ amrs(t− Tm) exp
(
j 2π
[
(fo + fRF)t− fRFTm
]
+ jψs(t− Tm)
)
+ amrs(t− Tm) exp
(
j 2π
[
(fo − fRF)t + fRFTm
]
− jψs(t− Tm)
)}
, (1)
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Fig. 3. System architecture using optical DSB modulation and direct optical
detection
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where γm is the modulation index (0 < γm < 1) and am is
defined as am  γm/|rs(t)|max. (The shape of the antenna
beam can be altered by properly tuning these coefficients, but
that is outside the scope of this paper.)
Obviously, the DSB-modulated optical signal has a pilot
carrier and two sidebands. In order to delay these signals
without distortion, the delay elements should have magnitude
and group delay responses that are flat in the frequency range
of the modulated optical signals. This is illustrated in Fig. 4,
where the desired optical group delay of the delay elements
is plotted as a function of frequency.
Assuming a unity magnitude response, the transfer functions
of the delay elements become Hm(f) = exp
{
j Φm(f)
}
,
where the desired phase response in the frequency range of
interest is given by
Φm(f) = Φm(fo)− 2π
∫ f
fo
τm(ν)dν
= Φ(fo)− 2π(f − fo)(Tmax − Tm) . (2)
(Note that the group delay ripple is assumed to be negligible.)
If all signals Em(t) are assumed to experience the same optical
combining loss Lc, then the optical signal at the output of the
OBFN follows from (1) as
Eout(t) =
√
Po
2LsLc
exp(j 2πfot)
M∑
m=1
exp
{
j Φm(fo)
}
·
[
1 + amrs(t) cos
(
2π fRFt + ψs(t)
)]
, (3)
where the (irrelevant) common delay Tmax has been omitted.
Obviously, the maximum signal amplitude is achieved when
the optical signals are combined in phase; that is, the optical
phases Φm(fo) all have the same value. In that case, detecting
the optical output power by means of a photodiode with
responsivity Rpd results in a current
I(t) = 12Rpd
∣∣Eout(t)∣∣2 = RpdPo4LsLc
{
M2 + 12A
2
Mr
2
s(t)
+ 2M AMrs(t) cos
(
2π fRFt + ψs(t)
)
+ 12A
2
Mr
2
s(t) cos
(
4π fRFt + 2ψs(t)
)}
, (4)
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Fig. 4. Desired group delay response of the delay elements in case of optical
DSB modulation. The dashed part has an arbitrary shape as it is outside the
frequency range of the modulated optical signal Em(t) (dotted line).
where AM 
∑M
m=1 am. Obviously, this current consists
of a DC term, a baseband term, a desired RF term, and a
double-frequency term, as illustrated by its spectrum in Fig. 5.
The DC term corresponds to the power of the optical carrier,
whereas the desired RF term results from beating between
the carrier and the sidebands. The baseband term and double-
frequency term result from self-beating and mutual beating
of the sidebands, respectively, and therefore have a spectral
width which is twice the RF bandwidth. It can be verified that
the relative bandwidth of the RF signal must be less than one
octave, so that the terms will not spectrally overlap, and the
desired term can be selected by means of bandpass filtering.
The presented approach with DSB modulation and direct
detection has three main disadvantages:
• Directly modulating the AE signals onto the optical
carrier signal requires very high-speed (RF) optical mod-
ulators and detectors, which will boost the costs;
• The optical bandwidth of the OBFN should be at least
twice the maximum RF frequency. From the trade-off
described in Subsection II-B it follows that this requires
a large number of ORRs;
• Moreover, a large optical bandwidth requires a large
FSR and hence a small ORR round-trip time T . This
corresponds to a small waveguide bending radius, which
will introduce optical radiation losses.
As an example, consider the case where this beam forming
concept is applied to satellite TV reception. If we assume that
the PAA has a diameter of 50 cm and a maximum scan angle
of 120°, the maximum delay will be in the order of 3 ns.
Since satellite TV operates in the 10.70–12.75 GHz range, this
requires optical modulators and detectors with a modulation
bandwidth of at least 12.75 GHz, and an OBFN with an optical
bandwidth of at least 25.5 GHz. The product of delay (3 ns)
and bandwidth (25.5 GHz) would then be such that it can be
proven [7] that at least several tens up to several hundreds of
ORRs would be required for realizing such tuning range over
such a large bandwidth with reasonable group delay ripple.
This could be solved by cascading the ORRs with a switchable
delay [6], so that the tuning range of the ORR-based delay
can be reduced. This does not solve the third issue, however:
assuming a waveguide group index in the order of 1.8, it can be
calculated that an FSR in the order of 25.5 GHz corresponds
to a waveguide bending radius of less than 1 mm, which is
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Fig. 5. Spectrum of the photocurrent I(t) after directly detecting the output
power of the OBFN in case of optical DSB modulation
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rather challenging.
As a result, alternative solutions are needed for reducing
the bandwidth of the modulated optical signal. These will be
presented in the following subsections.
C. Frequency down version
The most straightforward way of reducing the bandwidth
of the DSB-modulated optical signals is to apply frequency
down conversion (FDC) to an intermediate frequency (IF)
range prior to electro-optical conversion. This can be done
by mixing the AE signals sm(t) with local oscillator (LO)
signals cos(2π fLOt) and low-pass-filtering, resulting in new
AE signals
s′m(t) =
rs(t− Tm) cos
(
2π(fIFt− fRFTm) + ψs(t− Tm)
)
, (5)
with new center frequency fIF = fRF − fLO. Consequently,
the sidebands in Fig. 4 will now be more closely spaced, so
that the total bandwidth of the modulated optical signal —and
hence the required number of rings in the ORR-based delay
elements— is considerably reduced. An additional advantage
is that lower-speed optical modulators and detectors can be
used. This approach has two drawbacks, however.
First of all, note that mixing mutually delayed signals with a
non-delayed oscillator signal results in a phase offset in (5) that
no longer corresponds to the delay offset at the new frequency.
It can be shown that this results in an OBFN output signal
Eout(t) =
√
Po
2LsLc
exp(j 2πfot)
M∑
m=1
exp
{
j Φm(fo)
}
·
[
1 + amrs(t) cos
(
2π(fIFt− fLOTm) + ψs(t)
)]
. (6)
As a result, FDC has resulted in IF phase offsets after delay
equalization, which will result in destructive interference and
hence ruin the correct operation of the PAA. This could be
avoided by phase-shifting the individual LO signals by values
2π fLOTm (where Tm corresponds to the AE signals’ delay),
but this would complicate the beam forming circuit, as Tm
depends on the direction of the incoming beam.
A second problem arises when the AE signals are down-
converted to an IF range with a relative bandwidth of more
than one octave. (Standard FDC in satellite television recep-
tion, for example, results in an IF signal with a range 950–
2150 MHz.) Direct detection will then result in an IF beating
term that spectrally overlaps with the other terms (see Fig. 5),
resulting in second order intermodulation distortion (IMD-2).
One way to cope with this is to keep the modulation index low,
so that the baseband and double-frequency terms are small
with respect to the desired term. This drastically lowers the
dynamic range of the receiver, however.
D. Optical SSB-SC modulation and balanced coherent optical
detection
An alternative way to lower the bandwidth of the modulated
optical signal is to remove one of the sidebands, by apply-
ing optical single sideband (SSB) modulation. Optical SSB
modulation has been previously proposed as a means to over-
come the bandwidth-limiting effect of chromatic dispersion
in single-mode fiber-based Radio-over-Fiber (RoF) transmis-
sion systems [12] and CFG-based optical beam forming sys-
tems [3]. The advantage of optical SSB modulation compared
to optical DSB modulation is namely that optical detection
of SSB-modulated signals results in only one beating product
at the desired RF frequency, whereas DSB-modulated signals
give two beating products at the desired RF frequency, which
are generally not in phase in case of chromatic dispersion,
resulting in RF power fading.
The main reason for using optical SSB modulation in our
system, however, is to reduce the bandwidth of the modulated
optical signal: SSB modulation exactly halves the bandwidth
with respect to optical DSB modulation. The bandwidth can
be even further reduced by also removing the optical carrier,
resulting in single sideband suppressed carrier (SSB-SC) mod-
ulation. The optical bandwidth then equals the RF bandwidth,
which is the lowest that can be achieved without splitting the
RF signals in sub-bands prior to electro-optical conversion.
If for example the lower sideband and optical carrier were
removed, the SSB-SC-modulated optical signal would follow
from (1) as
Em(t) = 12
√
Po
2Ls
amrs(t− Tm)
· exp
(
j 2π
[
(fo + fRF)t− fRFTm
]
+ jψs(t− Tm)
)
. (7)
Its spectrum and the corresponding desired group delay re-
sponse are shown in Fig. 6. Note that the required band-
width and FSR have been considerably reduced with respect
to Fig. 4. Hence applying SSB-SC modulation significantly
reduces the required number of ORRs in the OBFN, and
relaxes the requirements on the ORRs’ sizes.
The optical output signal of the OBFN can be written as
Eout(t) = 12
√
Po
2LsLc
rs(t)
·
M∑
m=1
am exp
(
j 2π(fo + fRF)t + jψs(t) + jΦm(fo)
)
, (8)
where the common delay Tmax has once again been omitted.
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Fig. 6. Desired group delay response of the delay elements in case of optical
SSB-SC modulation. The dashed part has an arbitrary shape as it is outside
the frequency range of the modulated optical signal Em(t) (dotted line).
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Optical SSB-SC modulation requires coherent detection,
which implies that the (unmodulated) optical carrier has to
be re-inserted prior to optical detection. This can be done
by routing one output signal of the splitter after the laser
around the OBFN and combine it with the OBFN’s output
signal Eout(t) by means of a 2 × 2 directional coupler, as
shown in Fig. 7. Optical detection is performed by a balanced
detector configuration, as we will later show that this has
significant advantages over single-ended detection by means
of just one photodiode.
When the 2× 2 coupler is assumed lossless and uniformly
splitting, and the photodiodes are assumed to have identical
responsivities Rpd, then the output current Iout of the balanced
detector can be written as
Iout(t) = 12Rpd
[∣∣∣∣Eout(t)√2 + jEin(t)√2Ls
∣∣∣∣
2
−
∣∣∣∣ jEout(t)√2 + Ein(t)√2Ls
∣∣∣∣
2
]
=
jRpd
2
√
Ls
[
E∗out(t)Ein(t)− Eout(t)E∗in(t)
]
. (9)
Substituting (8) and assuming that the optical phases Φm(fo)
are synchronized to a common value Φ, this reduces to
Iout(t) =
RpdPoAM
2Ls
√
Lc
rs(t) sin
(
2π fRFt + ψs(t) + Φ
)
. (10)
Obviously, balanced detection cancels the DC and baseband
terms in (4), which correspond to the left part of the spectrum
in Fig. 5. The double-frequency term (the right part of the
spectrum in Fig. 5) is not there because the optical signal
has only one sideband. Therefore only the desired RF term
remains (the middle part of the spectrum in Fig. 5).
As a result, the square-law behavior of the photodiodes will
not introduce IMD-2 when balanced detection is used, even
when the relative bandwidth of the RF signal is more than
one octave. An additional advantage of balanced detection
is that the effect of eventual relative intensity noise (RIN)
in the optical signal is significantly reduced, which enhances
the dynamic range of the PAA receiver. Therefore balanced
detection is strongly preferred over single-ended detection.
Ein(t)
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EM (t)
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Iout(t)
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SSB-SC
AE
AE
LNA
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OBFN
Fig. 7. System architecture using optical SSB-SC modulation and balanced
coherent optical detection
E. Combination of frequency down conversion and optical
SSB-SC modulation
A “best-of-both-worlds” receiver is obtained when the so-
lutions from the previous sections are combined, so when
FDC is performed prior to optical modulation, electro-optical
conversion is performed by means of optical SSB-SC modula-
tion and opto-electrical conversion is performed by means of
balanced coherent optical detection. It shares the advantages of
both solutions (low-speed modulators and detectors, minimum
OBFN bandwidth, and enhanced dynamic range), whereas
both drawbacks of down conversion are circumvented:
1) Since the detected signal contains only one beating prod-
uct at the desired frequency, the phase of the electrial
signal after detection is simply determined by the optical
phase difference between the modulated optical signal
and the re-injected optical carrier signal. Therefore IF
phase offsets due to FDC prior to optical modulation
can be canceled by means of simple optical phase
shifters (OPSs) in the OBFN’s input signal paths;
2) A relative IF bandwidth of more than one octave will
not result in IMD-2, so that the IF range can be further
shifted towards the baseband, which even further lowers
the bandwidth requirements on the optical modulators
and detectors.
F. Implementation of optical SSB-SC modulation
Several techniques are known for implementing optical SSB
modulation. These can be divided in three categories:
1) Filter-based techniques: the most straightforward way of
achieving optical SSB modulation is to perform optical DSB
modulation and filter out the carrier and one of the sidebands
by means of an optical sideband filter (OSBF) [13].
2) Optical heterodyning techniques: these techniques rely
on a combination of two lasers that are locked in phase, with
a frequency difference that corresponds to the desired RF
frequency [1]. After locking, one of the two optical carriers
is modulated with baseband data, so that coherently mixing it
with the unmodulated carrier results in a modulated RF signal.
This technique is not applicable in our case, however, as the
input signals to the modulators are already at IF; it would
be more useful in cases where the RF/IF signal is yet to be
generated, for example in an OBF system for a phased-array
transmission antenna. Therefore it is not further considered
here.
3) Optical SSB techniques based on the phase-shift method:
these techniques are based on the classical SSB generation
technique, where two quadrature carriers are modulated by
a modulating signal and its Hilbert transform, respectively.
Several optical implementation forms are known, amongst
others based on a dual-electrode MZM [12], hybrid amplitude
and phase modulation [14], two parallel MZMs [15], or a
Sagnac loop with a unidirectional [16] or bidirectional [17]
travelling-wave MZM, respectively. The double MZM seems
to be the only scheme that can offer distortion-free SSB-SC
modulation, but it has the disadvantage that it requires two
(linearized) MZMs per AE.
0-7803-9785-1/06/$20.00 c©2006 IEEE 12
The most attractive way of performing SSB-SC modulation
in this particular application is by means of a DSB modulator
and an optical sideband filter (OSBF), as it requires only one
laser, one modulator per AE, and —since the linearity of the
OBF and sideband filter allows their order to be reversed—
only one common OSBF. This OSBF can be realized using
similar components as in the OBFN, so that they can be
integrated on the same chip. Mach-Zehnder modulators can
be used as DSB modulators, eventually linearized by means
of pre-distortion circuits. This results in a system architecture
that is shown in Fig. 8.
If the MZM is operated anti-symmetrically (in push-pull
mode) and properly biased, it will modulate chirp-free and
inherently suppress the optical carrier [18]. This will relax
the slope requirements of the OSBF characteristic. Since the
OSBF is placed after the OBFN, its phase response is not
critical, as long as dispersion in the filter passband does not
distort the RF signal.
IV. CONCLUSION
A novel squint-free, continuously tunable PAA receiver
control system using an integrated ORR-based OBFN has
been described. A system architecture using FDC, OSBF-
based optical SSB-SC modulation and balanced coherent op-
tical detection was proposed, which significantly relaxes the
requirements on the optical modulators, detectors, and OBFN,
and enhances the dynamic range of the receiver.
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